The effects of the 18 August 2003 geomagnetic storm on the ionosphere over China have been first studied by combining dual-frequency Global Positioning System (GPS) observation data from the Crustal Movement Observation Network of China (CMONOC) using the computerized ionospheric tomography (CIT) technique. The temporal and spatial variations of the ionosphere are analyzed using a time series of ionospheric electron density (IED) maps, and the ionospheric storm evolution process is revealed. The tomographic results show that the main ionospheric effects of this storm over China are: (1) that positive storm phase effects usually happen in the low-latitude ionosphere, (2) that negative storm phase effects occur in the mid-latitude ionosphere, and (3) that the equatorial anomaly structure can also be found. In contrast to the quiet period of the ionosphere on 17 August 2003, the equatorial anomaly crest moved to the north in the main phase of the storm and then moved back to the original location in the recovery phase on 19 August 2003. We compared the peak density N m F 2 and the peak height h m F 2 obtained from the ionosonde observations at Wuhan station and those inverted by the CIT technique to confirm the reliability of the GPS-based tomographic technique. The tomographic results revealed that the GPS-based CIT technique can be used to monitor large-scale ionospheric disturbances during geomagnetic storms.
Introduction
Substantial signal delays are expected when satellite radio signals traverse through the ionosphere due to the dispersive nature of the ionosphere. The amount of the delay is proportional to the line integral of ionospheric electron density (IED) along the ray path from a satellite to a receiver. In addition to the propagation delay, the dynamics of ionospheric heterogeneous structure may produce phase fluctuations which can potentially impact on the propagation of radio signals and degrade the performance of satellite navigation systems . During geomagnetic storms, ionospheric irregularities are strengthened in amplitude and may cause signal degradation (Yizengaw et al., 2005) . Therefore, it is necessary to study the effects of geomagnetic storms on the ionosphere and investigate ionospheric effects on our living environment during geomagnetic storms. The effects of geomagnetic storms on the ionosphere have been studied for many years. In the past, only limited ground observations, such as ionosondes and incoherent scatter radar data from a few locations, were used to investigate the disturbed characteristics of the ionosphere under geomagnetic storms condition (Yin and Mitchell, 2005) . However, using this approach, it is difficult to obtain large-scale ionospheric variations during geomagCopyright c The Society of Geomagnetism and Earth, Planetary and Space Sciences (SGEPSS); The Seismological Society of Japan; The Volcanological Society of Japan; The Geodetic Society of Japan; The Japanese Society for Planetary Sciences; TERRAPUB. netic storms. Since geomagnetic storms have global effects, it is necessary to apply global observations to study the large-scale disturbed performance of the ionospheric structure during geomagnetic storms.
The advent of satellite navigation technology (e.g. Global Positioning System; GPS) provides the potential for investigating both temporal and spatial variations of the ionosphere on a large scale. Ionospheric total electron content (TEC) derived from GPS data has long been an important means of studying the ionospheric disturbance under geomagnetic storms environments. However, it cannot be applied to study the vertical disturbed structure of the ionosphere because the ionosphere is modeled in a two-dimensional manner. Since Austen et al. (1986) first proposed the computerized ionospheric tomography (CIT) technique, it has become a popular and successful tool of studying the ionosphere. Using this approach, some researchers have applied low-orbit satellites (e.g. Navy Navigation Satellite System) observations to reconstruct the ionospheric structure over a fixed longitude chain (Raymund et al., 1990; Kunitsyn et al., 1995; Pryse et al., 1998) . However, the reconstructed image of the ionosphere is only two-dimensional in nature. Kunitsyn (1997) first confirmed the feasibility of applying the CIT technique to reconstruct the three-dimensional structure by using high-orbit satellite systems such as GPS. The GPS-based CIT has since also been applied to study the ionospheric response to geomagnetic storms (Hernandez-Pajares et al., 1998; Bust et al., 2000; Yin et al., 2004 Yin et al., , 2005 Yizengaw et al., 2005; Yuan et al., 2005; Wen et al., 2007) .
In this paper, dual-frequency GPS data from the Crustal Movement Observation Network of China (CMONOC) are used to investigate the ionospheric response to the geomagnetic storm on 18 August, 2003. A tomographic reconstruction of IED is performed to study the altitude-latitudedependent dynamics throughout the storm. The dynamic variations of the ionosphere during the geomagnetic storm are analyzed and discussed in details based on the time series of the inverted IED during the geomagnetic storm. Both N m F 2 and h m F 2 obtained from the ionosonde observations at Wuhan station are shown for a comparison with those obtained through an inversion using the CIT technique. The comparison results also confirm the reliability of GPS-based tomographic results.
The CIT Technique
The CIT technique applies slant TEC (STEC) to invert IED. However, ionospheric STEC is a line integral of electron densities along the ray path from satellite to receiver. To simplify IED inversion, the imaged region of the ionosphere is first discretized into numerous small pixels in a selected reference frame. Within each pixel, the electron density can be assumed to be constant, and the ray path length within each pixel can be determined for each ray. Given the STEC measurements y, the CIT problem may be expressed as:
where n is the number of pixels in the image, m is the number of STEC measurements, y is a column vector of the m known STEC measurements, A is an m × n matrix with A i j being the length of ray i traversing through pixel j, x is a column vector consisting of all the unknown electron densities parameters in all pixels, and e is a column vector associated with the discretization errors and measurement noises. Before the CIT technique is implemented, GPS data preprocessing is first performed to detect and remove or correct outliers and cycle slips by using the algorithms described by Blewitt (1990) . To calculate the STEC, GPS pseudoranges (P2-P1) and carrier phases (L1-L2) are applied to form an efficient ionospheric combination (Blewitt, 1990) . Taking the receiver and satellite differential group delay biases into account, the derived STECs should be precalibrated. In this work, a new scheme is devised to cope with the above biases. Firstly, the satellite and receiver instrumental biases over the three days (17, 18, and 19 August 2003) were determined using the method described by Yuan and Ou (1999) , then the mean values of the instrumental biases over the three days were computed. These were subsequently applied to calibrate each of the differential delay for each satellite-receiver pair during the 18 August 2003 storm. Secondly, the bias-corrected differential delays are applied to calibrate the differential phases of the storm day by using a least squares fitting method. Thus, the absolute STECs were determined from the differential phase and time delays recorded during the storm.
GPS pseudoranges of low elevation angle satellites are sensitive to multipath effects: in general, the lower the elevation angle, the larger the multipath error. On the other hand, GPS data obtained at low elevation angles are important for getting some information about the vertical distribution of the IED. Hence, a crucial problem is how to select a proper cut-off elevation angle for the CIT technique. A large cut-off elevation angle reduces the vertical resolution of the inverted results; a small elevation angle reversely affects the accuracy of the IED inversion. In this work, an elevation cut-off angle of 10
• is adopted. The sample interval of GPS data is 30 s. The data is partitioned into a series of half-hour sets. To compensate for the insufficiency of ground-based GPS data, an IRI model-assisted three-dimensional CIT technique is used. In this technique, the image region is represented as a threedimensional array of pixels, and a set of initial IED values obtained from IRI model is added to the corresponding pixel. A time series of the IED maps is then reconstructed using the algebraic reconstruction algorithm in which the initial IED value of each pixel is improved in an iterative mode. The resulting images extended latitudinally from 10
• N to 55
• N and longitudinally from 70 • E to 140
• E. The altitude ranges are from 100 to 1000 km. Fig. 1(a) with Fig. 1(b) , one can see that the IED in the F region was enhanced between 10
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• N and 35
• N during the geomagnetic storm on 18 August 2003 and that positive storm phase effects appeared. The IED maximum enhancement reached 260% between 15
• N and 25
• N. However, the negative storm phase effect of the ionosphere appeared latitudinally from 35
• N and altitudinally from 200 to 600 km above the ground, and then the positive storm phase effect also appeared latitudinally from 35
• N and altitudinally from 600 to 800 km. The reconstructed results show that the storm phase effects are not only latitude-dependent but also height-dependent. Similar characteristics of the geomagnetic storm can also be found in other time periods. Figure 1(b) shows that a disturbed structure of the ionosphere over China occurred on 18 August 2003. At the same time, one can see that the ionospheric equatorial anomaly still existed and that the equatorial anomaly crest moved to 27
• N; the crest of the anomaly structure then moved back to the original locations at 13:00 UT on 19 August 2003 (Fig. 1(c)) .
A large increase in IED values and a large northward expansion of the equatorial ionization anomaly (EIA) imply that a very large equatorial fountain effect has occurred; this may be due to an eastward electric field which penetrated from high to low latitudes and lifted the ionosphere layers Fig. 1 . Two-dimensional images of IED over China at 13:00UT (21:00 local time (LT)) on magnetic quiet days (Figs. 1(a) and (c) ) and on the magnetic storm day (Fig. 1(b) ). through a strong upward E × B drift. Suppression of the equatorial anomaly observed during the recovered phase of the storm may be associated with downward E × B drifts (Lin et al., 2005 , and references therein). Figure 2 shows the examples of typical tomographic images of the ionosphere over China during the magnetically active periods on 18 August 2003, at a longitude chain of 114
• E. The numbers in the top right corner represent universal time. The evolution of the disturbed structure of the ionosphere over China can be clearly seen in the series of GPS-based CIT images presented in Fig. 2 . The first panel ( Fig. 2(a) ), which was obtained from data recorded between 00:30 and 01:00 UT, shows a clear disturbed structure between 30
• N and 40
• N. Average F-layer peak density altitude is about 340 km at this time. The same disturbed structure can also be found at the identical geographic position in the second panel (Fig. 2(b) ), but its intensity is strengthened in contrast to Fig. 2(a) . However, a new disturbed structure of the ionosphere can be seen to have occurred between 12
• N and 27
• N in the third panel (Fig. 2(c) ). The original disturbed structure of the ionosphere existed as well, but its intensity was weakened. In Fig. 2(d) , the disturbed structure of the ionosphere, which occurs between 30
• N in Fig. 2(a) -(c) disappeared completely, but the other disturbed structure which occurs between 12
• N in Fig. 2(c) still appeared. From the above tomographic images, one can see that the equatorial anomaly structure exists. It can also be seen that the disturbed structure occurring in Fig. 2(d) moved to the north, reaching the geographic range between 20
• N in Fig. 2 (e, f) and that the equatorial anomaly structure does not occur. The average F-layer peak density altitude fell to 285 km during the period 20:30-21:00 UT, and a new disturbed structure appeared between 40
• N and 50
• N. This could be a very interesting mid-latitude ionospheric response to the storm and worthy of further study. Meanwhile, the IED reached the minimum value during this time period.
As the time evolves, it can be seen that the values of the inverted IED in Fig. 2 vary from small to large at first, and then from large to small; this observation agrees with the normal change laws in daytime and nighttime over China and the fact that the characteristics of the IED depend mainly on the dark solar activity. Figure 2 reveals that there are large differences between the characteristics of the IED in mid-latitude and low-latitude areas and that the IED values over northern China are smaller than those over southern China on the whole. This indicates fact that there is a strong correlation of the variation of IED with latitude.
Vertical resolution of the CIT technique is usually very limited because of the absence of horizontal ray paths from GPS satellites to ground receivers. To validate the reliabil- Although the IED image can be satisfactorily reconstructed with the IRI model-assisted GPS-based CIT, some differences between the true image and the reconstructed image still exist. The differences may be attributed to the following factors: experimental measurement error, the errors caused by various approximations and assumptions made on the projection operator, discretized error of the image region, and the errors induced from IRI model and the ideal geometry or conditions, among others.
Discussion and Conclusion
In this work, a GPS-based CIT technique is applied to study the ionospheric response to the magnetic storm on that occurred on 18 August 2003. The IED image reconstructed using the GPS observations from CMONOC show that a prominent large-scale ionospheric disturbance is evident in the China sector with an ionization enhancement at low-latitude regions and ionization depletion at midlatitudes, which represent the positive and negative storm phase effects, respectively. Similar to the previous theoretic analyses by Buonsanto (1999) and the references therein, the negative storm phases that occurred in mid-latitude during the geomagnetic storm on 18 August 2003 could be attributed to an increased input of energy to the region and an expansion of the neutral atmosphere. Such a rapid expansion may cause upwelling, which induces a dramatic depletion of the atomic to molecular neutral density ratio. This change in chemical composition causes increased recombination in the ionosphere and a reduction in ionization concentration (Yizengaw et al., 2004) . The positive phases are generally believed to be caused by uplifting of the F-region by equatorward winds in the early stage of a storm development. (Cander and Mihajlovic, 2005; Lin et al., 2005; Yizengaw et al., 2005) .
The reconstructed results suggest that one may monitor and investigate the disturbed variations of the IED over China during a geomagnetic storm with the CIT method used in this work and dual-frequency GPS phase data from the CMONOC. This approach will facilitate studies aimed at improving our understanding of the finer structures of the ionosphere during magnetic storms. The tomographic results illustrate that the intense disturbance of the ionosphere over China occurred during the storm and that the ionospheric storm phase effects are not only latitude-dependent but also altitude-dependent. The positive storm phase effects occurred between 10
• N, the negative storm phase effect occurred latitudinally from 35
• N and and 55
• N altitudinally from 200 and 600 km above the ground.
These results provide valuable insights into the characteristics and variation mechanism of the ionosphere during geomagnetic storms, and they are capable of providing a valuable experimental support for understanding the complex behavior of the low-latitude F-region during geomagnetic storms.
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